ABSTRACT The western tarnished plant bug, Lygus hesperus Knight (Hemiptera: Miridae), is a key pest of many horticultural and agronomic crops in the western United States. Despite its well documented pest status, many aspects of the basic biology, including overwintering ecology, of L. hesperus are poorly understood. We examined the influence of eight constant temperatures from 10 to 35 C on survival of nondiapausing adult L. hesperus held with or without food, and the consequences of exposure to an extended period at 10 C on subsequent reproduction. Survival analyses indicated that, on average, fed insects tended to live longer than unfed insects, females lived longer than males, and the survival time decreased with increasing temperature. Nonlinear regressions indicated that median survival for insects grouped by gender and feeding status declined exponentially with increasing temperature. Survival functions for combinations of insect class (gender and feeding status) and temperature were adequately described by the respective two-parameter logistic functions. When adults were held for 9 d at 27 C with food after a 33-d period at 10 C either with or without food, no deleterious effects of prior starvation on propensity to mate or fecundity were demonstrated. These findings indicate that when temperatures are low, nondiapausing L. hesperus adults are capable of extended host-free survival with little or no impact on subsequent reproduction. Our findings suggest the current understanding of L. hesperus overwintering dynamics is incomplete. In addition, our results provide quantitative baseline information to facilitate more comprehensive investigation of the ecology of L. hesperus overwintering.
The western tarnished plant bug, Lygus hesperus Knight (Hemiptera: Miridae), is a key pest of fruit, vegetable, and field crops in the western United States (Wheeler 2001) . Although L. hesperus is an important agricultural pest, many aspects of its biology, including its overwintering ecology, are poorly understood. L. hesperus adults enter a state of reproductive diapause in response to short photophases of late summer and early fall in southern (Beards and Strong 1966, Leigh 1966 ) and central California . In these regions, diapause reportedly terminates in late fall (Beards and Strong 1966, Leigh 1966 ) to early winter ), but accounts of L. hesperus populations after this termination are inconsistent. Beards and Strong (1966) reported that most L. hesperus adults die by mid-February, and the population survives the remainder of the winter as eggs. However, reported that only eggs laid after 10 February survive to hatch. Leigh (1966) reported that populations of adults were generally low from midJanuary to mid-March, but that nymphs were common after mid-February. Kelton (1975) reported that Lygus adults overwinter in litter or under plant canopies near the host plants, or migrate to suitable overwintering locations away from host plants. Fye (1982 Fye ( , 1983 reported that leaf litter was a major overwintering site for L. hesperus in central Washington, that adults were active during warm periods, and that weeds may support populations throughout the year. Finally, Wilborn and Ellington (1984) reported that L. hesperus overwinter as adults, although in the presence of adequate moisture both adults and nymphs were found on host plants in December. The range of latitudes over which observations were made may have contributed to inconsistencies among these reports. Regardless, a clear consensus of the respective roles of diapausing and nondiapausing phases of L. hesperus in overwintering is not evident.
Overwintering of L. hesperus may represent an ecological vulnerability amenable to manipulation if its dynamics are adequately understood. A key to elucidating the ecology of overwintering, and to extending those findings to divergent climates, is a more comprehensive knowledge of L. hesperus thermal ecology. We recently reported the relationships between temperature and development of L. hesperus eggs (Cooper and Spurgeon 2013) , nymphs (Cooper and Spurgeon 2012) , and adult reproductive organs (Spurgeon and Cooper 2012a) . However, those reports did not provide insights into the effects of temperature on adult survival or reproductive processes, which would seem necessary to attain a more comprehensive understanding of interactions between L. hesperus and its thermal environment. Therefore, the objectives of this study were to quantify the relationship between temperature and survival of L. hesperus adults held with or without food, and to assess the effects of prolonged exposure to low temperatures on their ability to mate and reproduce.
Materials and Methods
Experimental Insects. L. hesperus adults were obtained from a laboratory colony maintained on green bean pods (Phaseolus vulgaris L.) and raw sunflower seeds (Helianthus annuus L.). The colony was started from adults collected from fields of alfalfa (Medicago sativa L.) near Shafter, CA. Because L. hesperus reared for more than three generations exhibit clear effects of laboratory selection (Spurgeon 2012) , experimental insects were of three or less generations removed from field populations. Adults were collected from the colony within 24 h after adult eclosion. Unless otherwise indicated, adults were held individually in 18.5-ml plastic vials (Thornton Plastics, Salt Lake City, UT) that were closed with ventilated lids and labeled according to gender and experimental treatment.
Temperature-Dependent Adult Survival. Survival time of L. hesperus adults held with (fed) or without (unfed) green beans was determined at eight constant temperatures: 10, 12.8, 15.6, 21.1, 26.7, 29.4, 32.2, and 35 C (61 C). Each constant temperature was maintained in an environmental chamber (model I30BLL, Percival Scientific, Perry, IA) programmed with a photoperiod of 14:10 (L:D) h. A pan filled with water was maintained in each chamber to provide 50-70% relative humidity (RH). Temperature and relative humidity within each chamber were monitored using a HOBO Data Logger (Onset Computer, Pocasset, MA).
Male and female adult L. hesperus were randomly assigned to treatments (fed and unfed) and temperatures using PROC SURVEY (SAS Institute 2008, Cary, NC) . Each insect assigned to the fed treatment was provided a section of a green bean pod with the cut ends sealed with paraffin wax, whereas each insect assigned to the unfed treatment was provided a water sachet. Each water sachet was prepared by dispensing 3 ml of deionized water onto half of a standard cotton ball, and then sealing the saturated cotton within tightly stretched Parafilm M (Pechiney Plastic Packaging, Chicago, IL). Insects were examined each morning for mortality. Green bean sections were replaced three times weekly, while water sachets were replaced when they showed visible evidence of moisture loss. The experiment was conducted twice (trials) with different cohorts of insects. Each trial included 320 adults, with 10 adults per combination of gender, feeding treatment, and temperature.
Respective effects of temperature, gender, and feeding treatment on adult survival were assessed using the SAS procedure PROC LIFETEST (SAS Institute 2008). Each effect (temperature, gender, and feeding treatment) was assessed in a separate analysis controlling for the other effects (the test effect was specified in the GROUP option of the STRATA statement; the other two effects along with trial were specified as STRATA variables). The overall relationship between temperature and adult survival for each combination of gender and feeding treatment was described using PROC NLIN (SAS Institute 2008) to fit an exponential function to the median survival times estimated at each temperature by LIFETEST. The form of the model was:
where survival time ¼ number of days until death, temperature ¼ C, and c1 and c2 were estimated. Because PROC LIFETEST is useful for making comparisons among survival functions but provides no corresponding quantitative descriptions of those functions (survival cannot be predicted at temperatures or ages other than those directly observed), the survival curve for each combination of temperature, gender, and feeding treatment was also described by fitting a logistic function to each respective dataset using PROC NLIN (SAS Institute 2008). The form of the model was:
where PS is the proportion of observed adults surviving, AGE is the adult age in days, and B and C are estimated.
Effects of a Low Temperature Host-Free Period on Mating and Fecundity. We examined mating and fecundity of fed and unfed adult L. hesperus after an extended exposure to low temperatures. A 33-d period of exposure to 10 C was chosen based on the median survival time of unfed adults at this temperature. Newly eclosed (<24 h old) L. hesperus adults (n ¼ 440, 220 per sex) were individually aspirated into 18.5-ml plastic vials. Of the 440 adults, 240 (120 per sex) were assigned to the unfed treatment and were provided only a water sachet. The remaining 200 adults were each provided a section of a green bean pod. More insects were assigned to the unfed treatment than the fed treatment to compensate for anticipated mortality. The insects were held for 33 d in an environmental chamber maintained at 10 C, a photoperiod of 14:10 (L:D) h, and 50-70% RH. Green bean sections were replaced weekly and water sachets were replaced as needed. At the end of the 33-d exposure period, five insects from each combination of gender and feeding treatment were dissected to assess the extent of reproductive development, using the descriptive classifications by Spurgeon and Cooper (2012a) . For remaining insects, water sachets were replaced with sections of green bean, and all experimental insects were transferred to a chamber maintained at 27 C and a photoperiod of 14:10 (L:D) h.
To ensure the insects were reproductively mature before mating and fecundity were assessed, they were held for 9 d at 27 C (Spurgeon and Cooper 2012a) . During this period, the green bean sections provided as food were replaced three times. At the end of this period, five insects from each treatment group were dissected to document the extent of reproductive development, as described after the 33-d exposure period.
After the 9-d period at 27 C, six mixed gender groups from each feeding treatment, each group composed of 10 males and 10 females, were transferred to separate 4-liter plastic buckets to facilitate mating. The buckets, provisioned with shredded paper and green bean pods, were held in an environmental chamber at 27 C and a photoperiod of 14:10 (L:D) h. After 24 h, females were individually aspirated from the buckets into 18.5-ml vials. The ventral abdomen of each female was examined through the vial for external evidence of a spermatophore signifying a recent mating (Cooper 2012) .
Fecundity over the first 5 d following mating was assessed using the methods described by Spurgeon and Cooper (2012b) . Each mated female held individually within an 18.5-ml vial was provided a section of green bean, which served as food and oviposition substrate. Green bean sections were replaced every 24 h. At the end of each 24-h period, the replaced green bean sections were transferred to new vials labeled with a female identifier and day of oviposition. On days 5 through 10 after oviposition, each vial was examined for newly emerged nymphs, which were counted and removed.
The proportion of females that mated was analyzed using logistic regression (PROC GLIMMIX; SAS Institute 2008). Treatment (fed or unfed during the 33-d period) was a fixed effect, and replication (group of mixed gender insects) was a random effect. Fecundity was examined using repeated measures analysis of varaiance (PROC MIXED; Littell et al. 1996 ) with a Toeplitz covariance structure (TYPE ¼ TOEP option of the REPEATED statement). Treatment, time (day of oviposition), and their interaction were fixed effects, and replication and the replication Â treatment Â time interaction were random effects. The random interaction term served as the error term for testing hypotheses regarding treatment and day of oviposition.
Results
Temperature-Dependent Adult Survival. Overall, adults held with green beans lived longer than adults held without green beans ( Fig. 1 ; Wilcoxon, v 2 ¼ 182.6; df ¼ 1; P < 0.001), and females tended to live longer than males ( Fig. 1 ; Wilcoxon, v 2 ¼ 6.4; df ¼ 1; P ¼ 0.011). There was also a significant decline in adult survival rate with increasing temperature (Wilcoxon, v 2 ¼ 524.4; df ¼ 7; P < 0.001). The exponential equations adequately fit the data, describing the relationships between temperature and median survival times of populations of adult males and females held with (Fig. 1A) and without (Fig. 1B) food. The logistic functions providing quantitative descriptions of survival for males and females that were fed (Table 1) or unfed  (Table 2 ) fit the observed data closely. These equations provide predictions of expected survival for combinations of gender, age, and temperature (Table 3) for comparison with results of future studies. Effects of Host-Free Survival on Mating and Fecundity. Female L. hesperus held at 10 C for 33 d did not exhibit ovarian development beyond the presence of previtellogenic oocytes, irrespective of feeding treatment. Seminal vesicles of corresponding males were classified as filling whether the insects were fed or unfed, but only males maintained with green beans exhibited medial accessory glands that were classified as filling. Medial accessory glands of males maintained without food were empty. All insects, regardless of treatment or gender, exhibited the characters of reproductive maturity after 9 d at 27 C (ovaries with eggs, filled medial accessory glands, and seminal vesicles).
Logistic regression analyses did not detect a significant difference in the probability of mating between the two feeding treatments (F ¼ 5.1; df ¼ 1, 5; P ¼ 0.073; estimated probability and CI; fed ¼ 0.54, 0.32-0.74; unfed ¼ 0.75, 0.53-0.89). In addition, prior feeding treatment did not significantly influence fecundity during the 5-d period after mating (F < 0.1; df ¼ 1, 43.8; P ¼ 0.885; mean fecundity per day 6 SE; fed ¼ 6.2 6 0.62; unfed ¼ 6.1 6 0.49). Fecundity was higher on day 3 than on day 4, but was not different from that on any other day (F ¼ 3.4; df ¼ 4, 21.1; P ¼ 0.026). The lack of a significant treatment by time interaction indicated that the effects of time were similar for both fed and unfed adults (P ¼ 2.3; df ¼ 4, 21.1; P ¼ 0.091).
Discussion
Where meaningful comparisons could be made, our observations were generally consistent with those of previous reports. For example, survival rates for fed insects were consistent with those observed by . Also, our observation that females lived longer than males supported similar reports for Lygus lineolaris (Palisot de Beauvois) (Khattat and Stewart 1977) and L. hesperus (Leigh 1963) . In addition, the effects of low temperatures on adult reproductive development that we observed, including the partial asynchrony of development of seminal vesicles and accessory glands in males, were generally similar to those reported by Spurgeon and Cooper (2012a) . Finally, our estimates of fecundity after an extended period of low temperature were consistent with previous reports of oviposition by chronologically younger adults at a constant 26.7 C (Leigh 1963 . Regardless, the uniqueness of our work lies in our observations of extended survival of unfed, nondiapausing adult L. hesperus, and the absence of a reproductive penalty immediately following an extended host-free period. Both phenomena have implications regarding the L. hesperus overwintering strategy.
It is widely accepted that L. hesperus adults terminate the adult diapause well in advance of the end of winter. However, experimental evidence of this phenomenon is restricted to central California (Beards and Strong 1966, Strong et al. 1970 ) and the southern San Joaquin Valley of California (Leigh 1966) . Less clear is the mechanism by which overwintering L. hesperus populations survive the period from diapause termination until conditions favorable for rapid development become available. reported that springtime populations of L. hesperus predominantly arose from eggs deposited after 10 February. This contention was based, in part, on a report of failed egg hatch under low temperatures (Champlain and Butler 1967) . Our recent demonstration of egg development at low temperatures (Cooper and Spurgeon 2013) conflicts with both of these earlier reports. In fact, observations of extended egg (Cooper and Spurgeon 2013) and nymphal (Cooper and Spurgeon 2012 ) development times at low temperatures, combined with our current observations of extended survival of nondiapausing adults at low temperatures, suggest the likelihood that all stages of L. hesperus contribute to winter survival at the lower latitudes of this species' range. Although we did not examine the effects on lifetime fecundity of extended exposure of adult L. hesperus to low temperatures, such possible effects may be irrelevant to the role of non-or previously diapausing adults in the overwintering survival of the species. This seems especially likely considering the levels of early reproduction we observed, regardless of food availability during the lowtemperature period, were comparable with those previously reported without exposure to low temperatures.
Given our overall results, it seems the overwintering strategy of L. hesperus is quite plastic, and the extent to which different stages contribute to overwintering survival of a given population likely varies with geographical region and the severity of winter temperatures.
This conclusion accommodates the reconciliation of apparently conflicting accounts of L. hesperus overwintering in southern (Beards and Strong 1966, Leigh 1966 ) and central California , and other geographical regions (Kelton 1975; Fye 1982 Fye , 1983 Wilborn and Ellington 1984) . A more complete understanding of diapause, when it is induced and terminated, and the influence of climate on those processes, should provide a context for a more certain and complete interpretation of the value of extended longevity of nondiapausing adults to overwintering success.
In addition to providing insights into overwintering ecology of L. hesperus, our observations of host-free survival have implications to pest management decisions. Some newer insecticides act primarily by interfering with Lygus feeding (Ellsworth and Barkley 2005) . Insects on crops treated with these materials may remain alive until they succumb to starvation. Although the treated insects may not feed or cause damage, their presence in field samples following treatment may prompt additional, unnecessary controls. Our models describing the relationship between temperature and host-free survival may provide useful indicators of the maximum potential delay expected between insecticide treatment and declines in adult Lygus populations.
In summary, our results describe relationships between temperature and adult survival of L. hesperus held with or without food. Our nonlinear models describing the temperature dependence of adult L. hesperus survival provide insights into the survival rates of field populations, and will facilitate the design of studies to further examine the seasonal ecology of Lygus. Collectively, our reports of the temperaturedependent biology of L. hesperus contribute to a more comprehensive understanding of the thermal ecology and life-history of this important pest species.
